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Abstract. We report on spatially resolved electron energy-loss spectroscopy studies of optical modes in
individual star-shaped gold nanoparticles. We studied diﬀerent morphologies, ranging from a spheroid to
well-developed nanostars. For each shape, essentially two groups of modes are appearing: the ﬁrst one is
localized around the core of the nanostars and has an energy slightly less than the quasi-static dipolar mode
of a gold sphere (about 2.2 eV); in the second group, the modes are localized at the end of the nanostar
tips, with varying energies depending on the geometry of each tip and with energy down to 1.2 eV. The
localization of the tip modes is interpreted with the help of boundary element methods simulations.
1 Introduction
Localized Surface Plasmons (LSPs) are electron density
oscillations at the surface of a sub-wavelength-sized nano-
object [1]. Parameters such as size, aspect ratio, the pres-
ence of a substrate, global and local modiﬁcations of the
environment play an essential role in determining the be-
havior of LSPs: they must be taken in account when mod-
eling the LSP physics. This involves several levels of
description: from the simple quasi-static resonances in the
Drude model to the relativistic frame of the full contin-
uum dielectric model for an object with arbitrary shape.
Thus, it is not straightforward to understand how one
can determine the physics of LSPs in nanoparticles
(NPs).
As an example, the energy of localized surface plas-
mons in thin (4–6 nm) silver triangular nanoprisms red-
shifts as their length increases. Such phenomenon could be
naively attributed to retardation eﬀects [2]. However this
is not correct, because the typical size of those nanopar-
ticles is smaller than the optical wavelengths in vacuum.
The explanation of this behavior lies instead on the fact
that the opposite faces of the prism do couple, leading to
an aspect ratio-dependent redshift [3]. The plasmon modes
are then standing waves, just like in optical nanoantennas
[4–6]. In this example, varying a global parameter, the
aspect ratio, aﬀects the local behavior of LSPs (e.g., the
energy of the modes, the intensity of which peaks very
locally).
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Alternatively to these “antenna-like” objects, there are
some kinds of NPs for which the LSP coherence length is
smaller than their dimensions [7,8]. Here, the plasmonic
modes are not inﬂuenced by what happens far from them.
While, of course, the dielectric environment always plays
an essential role, it is the local parameters, e.g., the curva-
ture radius of the surface of the particle, rather than the
global ones, e.g., the size, that control the physics of local-
ized surface plasmons. By controlling the morphology of a
nano-object it would then be possible to locally modulate
its plasmonic behavior. Such nano-objects could then be
tailored in order to control the characteristic LSP modes
at a scale of, say, 10 nm.
The distinction between locally and globally modiﬁed
LSPs may be blurred in the case of greatly asymmetrical
NPs, an example of which is given by gold “nanostars”.
As the name suggests, these particles consist of a nearly-
spherical core with several tips protruding in all directions
(these particles are also named “branched”, “multi-pod”,
“star-shaped”, “lumpy” or even “sea urchin-like”). These
NPs present localized surface plasmons that are weakly
coupled to each other and depend strongly on the local
features of the NP itself.
Recently, gold nanostars have raised the interest of
the scientiﬁc community. Their particular shape, plus the
fact that they are made of gold (very stable and bio-
compatible), makes them suitable for several applications,
including biosensing on live cells [9] or Surface Enhanced
Raman Spectroscopy (SERS) detection of very low con-
centrations of molecules [10]. Nanostars with diﬀerent
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symmetry levels, aspect ratios and number of tips have
been synthesized by several research groups [9,11–14].
Their optical properties have been explored by means of
many diﬀerent experimental and numerical techniques
such as UV-visible scattering [11,14], Rayleigh scattering
in a dark-ﬁeld microscope [9,15], SERS [10,13], Finite Dif-
ference Time Domain (FDTD) simulations [16], Bound-
ary Elements Method (BEM) [10,14] and Discrete Dipole
Approximation (DDA) calculations [9,11].
The conventional optical methods have some limita-
tions in determining the spatial distribution of LSPs in
individual NPs. For example, the experimental extinction
spectra of an ensemble of nanostars showed a broad fea-
ture at about 1.70 eV [14]. One can expect such a broad
feature to encompass a wide spectrum of LSP modes that
are lost in the ensemble measurement which gives, in fact,
an averaged signal. These modes may arise from the small
diﬀerences that the NPs have among one another due to
the lack of complete control of their synthesis. It is thus
of the greatest interest of being able to map the LSPs
of nano-objects with high-spatial resolution, i.e., at least
10 nm.
Electron Energy-Loss Spectroscopy (EELS) in a Scan-
ning Transmission Electron Microscope (STEM), in the
following referred to as STEM-EELS, allows one to com-
bine the optical information given by EELS [17] and the
spatial resolution (down to 1 nm or even better) of a STEM.
In the past decades, an important number of spatially re-
solved EELS studies in the low-loss region (where optical
transitions are measured) have been performed; for a re-
view, see, e.g., [18,19]. Most of these experimental and
theoretical studies focused on the measurement of Inter-
face Plasmons (IPs) and, to a smaller extent, to other
boundary-related excitations for diﬀerent geometries such
as spheres [20], cylinders [21–27] and single or multi-layers
[28–31]. However, they essentially considered both an en-
ergy range above 4 eV, i.e., the UV spectrum, and highly
symmetric conﬁgurations. That was due both to a lack
of combined high-spatial and high-energy resolution and
of relevant theories or simulation tools for handling
arbitrarily-shaped nanostructures. Recently, both limita-
tions have been overcome [32–36] enabling the study of the
optical properties of arbitrarily-shaped metallic nanopar-
ticles at the nanometer scale.
For non-symmetric objects, no analytical formulation
of the optical properties or of the electron energy losses ex-
ists so far: only numerical calculations can help supporting
the experimental data.
In this letter, we present a systematic spatially resolved
EELS study of gold nanostars. Diﬀerent shapes have been
considered during this work: the behavior of localized sur-
face plasmons has been studied from the simple nearly-
spherical shape to more complex multi-tipped particles.
We demonstrate by direct measurements the existence of
two types of modes: one corresponding to the core and
the other to the diﬀerent tips, which validates previous
deductions based on averaged optical measurements. The
core energy is close to that of a sphere, while each tip
develops its own very localized plasmon at diﬀerent ener-
gies. This argues for a high localization and clear absence
Fig. 1. HAADF image at low magniﬁcation showing a group
of nanostars on cleaved mica. Scalebar is 500 nm.
of cross-talk between the diﬀerent tip modes. This result
should have a direct consequence in the optimization of
the design of single molecule SERS experiments.
2 Experimental method and material
The synthesis of the nanostars analyzed in this paper has
been described elsewhere [14]. The samples have been pre-
pared for STEM-EELS analysis as follows: a few drops
of the colloidal solution of gold nanostars in ethanol were
dropped on a cleaved mica sheet glued on a microscopy Cu
grid, the grid was then allowed to dry for several minutes
before the STEM-EELS experiments. During the STEM
observations, the nanoparticles were often found aggre-
gated in clusters, but it was not unusual to ﬁnd isolated
nanostars (Fig. 1). The observed particles were found to
have a quite irregular morphology, their shapes ranging
from nearly-spherical to well-formed nanostars (Fig. 2).
Spatially resolved EELS experiments have been per-
formed on a VG HB501 STEM ﬁtted with a GATAN
666 spectrometer, a custom, optically coupled CCD cam-
era detection system and a custom scanning and spectral
imaging unit. Such a system, operating at an acceleration
voltage of 100 kV, allows one to form an electron probe
of less than 1 nm onto the area of interest. After interac-
tion with the sample, the electrons scattered at relatively
high angles are gathered into a High Angle Annular Dark
Field (HAADF) detector, which gives a signal roughly pro-
portional to the projected mass density under the beam.
Simultaneously, the electrons scattered at lower angles are
collected onto the EELS CCD camera, giving rise to an
Electron Energy-Loss (EEL) spectrum. After a suitable
area of the sample is selected, e.g., an individual nanos-
tar, the electron energy-loss spectra are acquired using the
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Fig. 2. Conventional (oﬀ-line) HAADF images of the studied nanostars, from left to right: S0, S1, S2 and S3. The complexity
of the morphology increases moving from a spheroidal particle to well-formed nanostars.
Chrono Spectrum Image (ChSPIM) technique, a modiﬁ-
cation of the conventional Spectrum Image mode [37]. In
this mode, the electron probe scans the sample with a
constant spatial increment (1–4 nm) covering a total sur-
face of typically 32 × 32 pixels. At each pixel, typically
50 energy-loss spectra are recorded in a spectral range be-
low 80 eV (low-loss range). The nominal energy dispersion
during the experiments was 0.05 eV/channel and the ac-
quisition time was 2–3 ms per spectrum; the short acqui-
sition time allows one to partially remove the instabilities
due to the mains (power line) frequency [36,38]. In parallel
to the ChSPIM, an “on-line” HAADF image was also ac-
quired. The on-line HAADF makes possible to compare
directly the relationship between the EEL spectra and
the morphology of the NP. Right after the data acqui-
sition, a series of 50–100 spectra in vacuum was recorded
with the same experimental parameters; they were used
to obtain the Point Spread Function (PSF) for the further
deconvolution process.
During the oﬀ-line data treatment, each set of EEL
spectra was then aligned along their Zero-Loss Peak (ZLP)
– that is the peak for which the electrons have been
elastically scattered – and summed to obtain a better
Signal-to-Noise Ratio (SNR). In order to improve the visi-
bility of the low-loss features, the summed spectra were de-
convolved with the Richardson-Lucy (RL) algorithm [39].
Five iterations have been used for the RL deconvolution
of the data. The dataset ﬁnally obtained can be thought
as a cube whose axes are the two spatial dimensions and
the energy loss, each point inside the cube contains the
intensity of the EEL spectrum at a given position of the
probe and at a given electron energy loss.
The resonance peaks below 3 eV in the EEL spectra
are the signature of the localized surface plasmons. The
LSPs features were mapped using semi-automatic cus-
tom software procedures written for the commercial data
analysis software Igor-Pro (from Wavemetrics Inc.) [40].
This set of procedures, especially developed for this aim,
has been named EELSLL and is available on request [41].
EELSLL allows one to easily normalize the spectra, sub-
tract the ZLP, identify and ﬁt the plasmon peaks (with
either a Gaussian or Lorentzian function, plus diﬀerent
background models) of the whole dataset. EELSLL also
allows one to manipulate and display the parameters of
the ﬁt, e.g., the energy position of the peaks, their in-
tensity and width, in maps where each pixel represents
the value of the given parameter. It is by means of such
maps that one can understand the behavior of LSPs at
the nanometer scale.
3 Experimental results
Although the results found in the literature give a good
picture about the physics of LSPs in gold nanostars, no
direct local measurement of the plasmon modes has been
reported so far. STEM-EELS oﬀers the opportunity to
perform such measurements with nanometric spatial
resolution.
In order to better understand the role of the symme-
try and whether the plasmonic resonances were inﬂuenced
by local or global parameters, nanostars with shapes of
increasing complexity were studied. Figure 2 shows the
conventional (oﬀ-line) HAADF images for the selection of
NPs that have been chosen for this publication, for the
sake of clarity, a code-name has been assigned to each
nanostar: S0 is the spheroidal particle, S1 is the “quasi-
star”, S2 and S3 are well-formed multi-tipped stars.
Figure 3 summarizes the experimental results: the top-
to-bottom rows show the on-line HAADF image – that
is, the image acquired simultaneously to the EEL spec-
tra – the calculated relative thickness, the energy and in-
tensity maps of the LSP modes with lowest energy, for
S0, S1, S2 and S3 respectively. The spatial distribution
of the higher energy mode for S2 and S3 is displayed in
Figure 4. The black proﬁle line has been extracted from
the on-line HAADF images and is given as a reference.
The diﬀerences between the on-line and oﬀ-line (conven-
tional) HAADF images for stars S0 and S1 in Figures 2
and 3 are due to the sample drifting during the acquisition
of the ChSPIM. However this does not aﬀect the quality
of the results sensibly.
Figure 5 shows EEL spectra in the low-loss range ex-
tracted from diﬀerent areas (pixels) of the studied nanos-
tars, each spectrum is detailed below. Finally, Figure 6
shows the energy histograms of the modes of the four
selected nanostars, providing an overview of the energy
distribution of the LSPs.
3.1 S0: spheroid
Particle S0 is a spheroid with an average core diameter
of about 39 nm. It hangs in vacuum from a piece of mica
substrate visible in both the on-line HAADF image and
relative thickness map.
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Fig. 3. (Color online) Summary of data on the analyzed particles. From left to right: S0, S1, S2, S3. From top to bottom:
on-line HAADF image, relative thickness map (t/λ), energy map for the low-energy LSP, intensity map for the low-energy LSP.
The black line in the maps is taken from the on-line HAADF images. The white pixels in the maps indicate that the ﬁtting
procedure was not valid; this was likely due to a poor SNR in the spectrum. A detailed description is given in the main text.
Only one main plasmon mode of energy ranging from
about 2.0 eV to about 2.3 eV is detected in S0. The average
energy of the plasmon resonance is 2.15 eV. In a small zone
of the particle, in a range of about 8 nm, the plasmon
energy reaches its minimum value of about 2.0 eV, the
same zone also shows the highest plasmon intensity. By
comparing the energy and intensity maps (Fig. 3), one
can see that the regions of the particle where the energy
is lower exhibit a higher intensity.
3.2 S1: quasi-star
Particle S1 has a degree of complexity greater than that
of S0. Three tips protrude from the spherical core, the
longer one lies on a thin mica substrate (visible only in the
relative thickness map) whose thickness rapidly decreases.
The core diameter is about 50 nm, the longer tip is about
34 nm while the shorter tips measure about 20 nm.
Because of its quasi-spherical core with two short tips
and a longer one, particle S1 has been deﬁned a “quasi-
star”. Despite its shape being still rather simple, the pres-
ence of the tips gives rise to supplementary LSP modes
with respect to the case of the spheroid S0. The high-
energy mode at the core of the particle lies at about 2.2 eV.
Besides this mode, additional LSP resonances are detected
at each tip of the nanostar. The longer tip, that lies on a
thin mica substrate, has a resonance at 1.8 eV; the energy
of the mode associated to the two shorter tips is instead
2.1 eV. Also, the highest LSP intensity is measured at the
tips, where the modes are 3 to 4 times stronger than the
core mode.
3.3 S2: multi-tipped star, first example
Particle S2 is a well-formed nanostar with ﬁve long tips
visible in the image plane; each tip along the left-right di-
rection of the HAADF image presents two supplementary
“sub-tips”. Other tips might be present on the central core
in the direction parallel to the electron beam. They could
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Fig. 4. (Color online) Energy and intensity maps for the core LSP mode in S2 and S3.
Fig. 5. (Color online) Electron energy-loss spectra extracted
from given pixels (see inset) of the studied nanostars.
be responsible for the high diﬀraction that results in ex-
tremely poor energy-loss signal in the core of the particle:
this yields invalid values for the relative thickness map.
The nanostar lies completely on mica but it is positioned
near its border with vacuum; this is visible in the relative
thickness map (Fig. 3). The core of the particle measures
about 40 nm and the tip length is about 25 nm.
In particle S2, the modes associated with the tips are
prominent. Nevertheless, it has been possible to ﬁt the
high-energy core mode as well (spectrum S2B in Fig. 5).
Figure 4 shows the energy and intensity maps for the high-
energy modes. The apex of the longest tip presents a LSP
at about 1.4 eV, while the resonances localized at the re-
maining tips have slightly lower energy at about 1.35 eV.
The mode with highest energy is distributed around the
core of the particle and it is peaked at about 2.1 eV. Par-
ticle S2 is lying a few nanometers away from the border
between mica and vacuum, as shown by the relative thick-
ness map in Figure 3. The intensity of the LSPs is higher
in vacuum than on the mica substrate. However, one can
still note that the modes are stronger at the tips.
3.4 S3: multi-tipped star, second example
Particle S3 is another multi-tipped nanostar, with ﬁve tips
about 30 nm long, a sixth tip is directed either inward
or outward the image plane as shown by the HAADF
images in Figures 2 and 3; the core diameter is about
48 nm. As for particle S2, the energy-loss signal inside S3
was poor due to diﬀraction eﬀects so that the relative
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Fig. 6. (Color online) Histograms representing the percentage of pixels within a certain energy in the energy maps of the
studied nanostars S0, S1, S2 and S3. For particles S2 and S3, the histograms calculated from the low- and high-energy modes
are represented in blue and red respectively. A detailed description is given in the main text.
thickness map gave invalid values. This nanostar lies on
the mica substrate.
Sample spectra acquired in correspondence of the tips
and the core of the nanostar are shown in Figure 5. At the
tips of the nanostar, LSP modes at about 1.6 eV, 1.5 eV
and 1.35 eV are detected. The mode associated with the
core is also present at about 2.2 eV, but it is very weak
and it is detected only at few pixels within the core. The
maps displaying the energy position and the intensity of
the plasmon resonances are shown in Figure 4.
4 Discussion
An instructive picture of the LSP energies is given by the
histograms represented in Figure 6. The percentage of pix-
els within a given energy was calculated and a histogram
was generated for each energy map.
For particle S0, the majority of the pixels are centered
around 2.1 eV, but two smaller maxima are also present
at about 2.2 eV and about 2.3 eV clearly reﬂecting the
behavior seen in the energy map of Figure 3. The small
diﬀerence in energy for this mode could be due to the local
change of curvature on the particle surface.
For particle S1, the core mode is at about 2.2 eV, but
the most important feature is at about 2.1 eV. This feature
is due to the end of the shorter tips. These tip ends are
also rounder than the longer one. The tip mode due to the
longer tip is also clearly distinguishable at about 1.8 eV;
the length and the sharpness of this tip could be respon-
sible for this energy value. However one cannot exclude
the possibility that this mode could be further redshifted
because of the contact of the tip with the mica substrate.
Finally, two histograms are shown for each of the
particles S2 and S3. The histograms relative to the core
mode conﬁrm again that this mode resembles the sur-
face plasmon of a sphere. The histograms relative to the
tip modes show that for particle S2 the overall energy of
the resonances is lower than the energy of the LSP of par-
ticle S3.
All the nanostars present two kinds of LSP modes. The
ﬁrst one is found along the core of the particle and its en-
ergy is about 2.2 eV. In the classic dielectric continuum
model, the dipolar polarizability of a sphere surrounded
by vacuum in the dipole approximation diverges when the
dielectric function (ωl=1) = −2. From experimental opti-
cal data [42], the value of ωl=1 for gold is ωAul=1 = 2.56 eV.
This is in agreement with the experimental measurements
if one considers that the cores of the particles are not
perfectly spherical, that an interaction with the mica sub-
strate could redshift the energy of the mode and that,
in general, elongation shifts the plasmon modes to lower
energies.
The redshift of the core mode with respect to a sphere
can also be explained by considering a geometrical eﬀect
[14]: the LSP induced charges can move easily along the
surface of a sphere. The presence of the tips is an obstacle
for these charges, thus the oscillation period of the core
plasmon increases with a subsequent energy decrease.
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The maps and spectra also show that the ends of each
tip in the nanostars are characterized by diﬀerent energies,
ranging from about 1.3 eV to about 1.8 eV. These values
are in agreement with the literature [16]. The second kind
of plasmon resonance can then be associated with the tips
of the nanoparticles. We note that, generally speaking, the
tendency is a decrease of the energy of the tip end mode
with increasing tip length, independently of the nanostars
diameter, which is almost constant between the diﬀerent
nanostars.
The tips are characterized by LSP modes that are
highly focused on their ends as shown by the intensity
maps (Fig. 3). This means that the penetration of the
tip plasmon mode inside the particle is weak and does
not have a strong inﬂuence on the charge oscillations at
the core or at the other tips; for this reason, the cou-
pling between diﬀerent tips in a single particle is weak.
Furthermore, the probability of tip-to-tip coupling is de-
creased because the large dispersion in tip shape makes
it unlikely that two identical tips sit together in the same
particle. Moreover, the skin depth of gold at optical fre-
quencies is about 15 nm; then, it would be diﬃcult for the
electromagnetic ﬁeld to pass through the whole particle.
In order to gain insight into the plasmon excitations
involved, we performed BEM simulations of the EELS
probability for electrons passing near the tip and near the
center of model particles, and for other optical proper-
ties like extinction cross-section and ﬁeld enhancement.
The BEM method consists in expressing the exact solu-
tion of Maxwell’s equations in the presence of arbitrarily-
shaped dielectrics in terms of surface-integral equations
evaluated at the interfaces. The electromagnetic ﬁeld in-
duced by the passage of an external electron modeled as
a point charge, or a electromagnetic plane wave illumi-
nation, is then calculated in terms of self-consistently ob-
tained boundary charges and currents. Electronic (EELS)
and optical (extinction) spectra can thus be calculated for
arbitrary shapes [33]. The model particles were chosen to
reﬂect the salient features of the nanostars. Thus, we de-
signed nanoparticles shapes having two tips separated by
a core that we mold in the form of a semi-elliptical ring.
The radius of curvature and the cone angle of the tips
were chosen close to experimental values, while the ring
parameters were varied. Notice that the total height (tip-
to-tip distance) is kept constant and the tip height does
change on the right panel of Figure 7. On the other hand,
on the left panel both total height and the tip height are
kept constant, but the core is expanding laterally. This
permits us to understand how the plasmons evolve as the
tip size and core diameter are changing. For the electron
passing near the tip, a prominent low-energy tip plasmon
is observed, which is in excellent agreement with the ex-
tinction cross-section and the near-ﬁeld enhancement at
the tip, also shown in Figure 7 for light incidence with
polarization along the particle symmetry axis. The inter-
action between the two tips in the particle is known to be
negligible [14] because they are physically well far apart.
These model particles represent reasonably well the actual
samples, in which one can ﬁnd tips of very diﬀerent shape
in each particle. Thus, inter-tip interactions play a minor
role in the LSP behavior. The model calculations also pro-
vide useful insight into the eﬀect of the rest of the particle
to whom the tip belongs: the tip piles up induced charges
in its apex, giving rise to the noted low-energy plasmon,
and also generating large ﬁeld enhancements; the rest of
the particle acts as a charge reservoir, the inﬂuence of
which depends on its actual shape, as shown in Figure 7.
When the tip length is kept constant, but the central
part of the particle is made thicker (left column of Fig. 7),
the tip plasmon moves slightly to higher energies, until it
saturates at ∼1.4 eV for an extra thickness a ≈ 10 nm (see
upper scheme). This was expected as an indication that
the tip plasmon is indeed mainly conﬁned to the end of
the tip. Interestingly, and in contrast to the optical simu-
lations, the electron passing near the end of the tip picks
up a second, higher-energy plasmon at ∼1.7 eV. This new
plasmon dominates the EELS spectrum for electrons pass-
ing near the particle center, and its energy is situated in
between the tip plasmon and the transversal (core) plas-
mon at ∼2.3 eV.
When the overall radius of the particle is kept con-
stant but the central part is made thicker (right column of
Fig. 7), the tip plasmon evolves toward higher energies as
a consequence of the decrease in the length of the tip (this
is because the total height of the particle is kept constant
at 90 nm). Eventually, one ends up with a rod-like particle
with short tips. This clearly shows that the adiabatic thin-
ning toward the end in the shape proﬁle of an elongated
tip is important to produce low-energy plasmons. These
results are fully consistent with our EELS measurements
and explain the evolution of the spectra from thicker par-
ticles with shorter tips (sample S0) to longer tips with
similar particle size (samples S2 and S3).
5 Conclusions
Localized Surface Plasmons on individual star-shaped gold
nanoparticles have been measured directly by STEM-EELS
and mapped with nanometric resolution. A sphere-like
core mode and several tip modes have been identiﬁed
within the nanoparticles. Boundary Elements Method sim-
ulations strongly support the experimental results.
A clear measurement of the core LSP mode in nanos-
tars has been demonstrated. The core excitation being
3 to 4 times weaker than the tip ones, its signal is over-
whelmed by the tip resonances; it is thus very hard to
detect such weak core LSP. The core mode is not detected
even using Rayleigh spectroscopy of single nanostars [15],
nor it could be with standard optical techniques, which
probe over a vast population of nanoparticles and can only
measure an averaged signal. Thanks to the high-spatial
resolution of STEM-EELS and to advanced data treat-
ment procedures, this mode has now been identiﬁed and
mapped on individual nanostars.
LSP maps also show that each tip carries its own en-
ergy as already suggested by indirect measurements [15]
and FDTD simulations [16]. STEM-EELS mapping allows
33512-p7
The European Physical Journal Applied Physics
Fig. 7. (Color online) EELS, ﬁeld enhancement and optical extinction simulations of tip plasmons in nanostars. For the EELS,
the trajectory of the electron is notiﬁed by an arrow. For the ﬁeld enhancement, the excitation polarization direction is indicated
by an arrow, and the electric ﬁeld is calculated at the point P. For the extinction, the excitation polarization is indicated by
an arrow. We consider an axially symmetric particle with two tips, as shown in the upper schemes. The tip radius (3 nm), the
tip angle (25◦), and the total particle length (90 nm) are adjusted to best represent sample S2. The particle has a central disk
joining the base of the tips and it is supplemented by a semi-elliptically-shaped ring protuberance of varying dimensions. Left:
particles with a protuberance of 30 nm height and varying transversal size a, as shown in the upper-left scheme. Right: particles
with varying protuberance height b and ﬁxed transversal size equal to 30 nm, as shown in the upper-right scheme. The optical
extinction and the electric ﬁeld intensity at point P are shown for light incidence with the polarization along the symmetry
axis. The EELS probability is calculated for a trajectory passing close to the tip and for a trajectory passing near the particle
surface at its center (see insets in the plots). The distance from the electron beam to the particle surface is 2 nm in all cases.
Point P for the near ﬁeld is 2 nm away from the tip. All spectra are calculated using the Boundary Element Method (BEM)
[7], with the gold represented by a dielectric function taken from optical data [43].
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one to distinguish among the tip modes by means of a
direct measurement of their energy, thus demonstrating
that these resonances are diﬀerent eigenstates character-
istic of each tip.
Finally, each tip’s mode depends on global (length)
and local (tip’s end curvature) parameters. However, the
tip-to-tip interaction is weak due to the screening of the
tips by the core, so that the global shape of the nanostar
hardly inﬂuences the tip’s LSP properties.
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